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We predict a phase transition in freestanding monolayer Xenes from the semiconducting phase to
the excitonic insulating (EI) phase can be induced by reducing an external electric field below some
critical value which is unique to each material. The splitting of the conduction and valence bands
due to spin-orbit coupling at non-zero electric fields leads to the formation of A and B excitons
in the larger or smaller band gap, with correspondingly larger or smaller binding energies. Our
calculations show the coexistence of the semiconducting phase of A excitons with the EI phase of B
excitons for a particular range of electric field. The dielectric environment precludes the existence
of the EI phase in supported or encapsulated monolayer Xenes.
In 1963, it was noted1 that if the exciton binding energy exceeds the band gap in a semiconductor or semimetal, the
material would behave as a so-called excitonic insulator (EI), where the valence electrons would spontaneously form
excitons. Following Knox’s remark, theoretical research on excitonic insulators grew in popularity over the course
of the 1960s2–5. Experimental evidence of EI phenomena has been found in semiconductor quantum wells such as
InAs/GaSb6, layered semiconductors such as Ta2NiSe5
7, and TMDCs such as 1T -TiSe2
8. Most recently, theoretical
research has suggested that previously anomalous experimental observations of carbon nanotubes may be evidence of
the excitonic insulator phase9,10. These results motivated further research, especially in 2D materials following the
success of the layered semiconductors Ta2NiSe5 and 1T -TiSe2. Around the same time, a number of theoretical studies
predicted that freestanding (FS) graphene was a possible candidate for the EI phase11–15. Experimental studies of
FS graphene performed around the same time showed convincing evidence that FS graphene in vacuum behaved as
a semimetal, not an excitonic insulator16,17. Subsequent theoretical investigations using a refined theoretical model
were in agreement with the aforementioned experimental results, namely that graphene should not exhibit an EI
phase under any circumstances18–24.
In recent years the buckled 2D allotropes of silicon (silicene), germanium (germanene), and tin (stanene) have seen
a significant rise in research interest. It was theoretically predicted early on that buckled 2D materials (collectively,
Xenes25) were unique amongst 2D materials because their band gaps could be tuned by an external electric field26–28.
Other interesting phenomena in the Xenes include non-local plasmon modes in an open system29, and the discovery of
very strongly bound excitons in hydrogen-functionalized silicene and germanene30. However, to this date it appears
that the Xenes have not been considered as candidates for the excitonic insulator phase. There does not appear
to be any experimental evidence of freestanding Xenes in the same way that experimentalists studied freestanding
graphene from Refs. 16 and 17, and hence it remains an open question as to whether or not the FS Xenes are excitonic
insulators.
A rigorous exploration of this question, one which might utilize the powerful theoretical approaches outlined by
e.g. Ref. 19 is beyond the scope of this letter. We instead present straightforward calculations for the electric field-
dependent exciton binding energy and band gap in the 2D Xenes. We show that, by using a common theoretical
approach to model the dependence of the exciton binding energies and the band gaps on the external electric field,
there appears to be enough evidence of the excitonic insulator phase in the FS Xenes to warrant further study. Any
phase transition can be characterized by some internal critical parameter31. Specifically, we demonstrate that when
the external electric field is zero or less than some critical value which is unique to each material, the exciton binding
energy is larger than the corresponding band gap. Therefore, according to Ref. 1, this is the condition which must
be satisfied for the existence of the EI phase. In contrast, we also consider the Xenes on different substrates and find
that the enhanced dielectric screening from the substrate drastically reduces the exciton binding energy such that the
EI phase is no longer possible.
In the Wannier-Mott model for excitons, the Schro¨dinger equation for the electron and hole in an Xene monolayer
reads:
[
−
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2m∗e
∇2
re
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2m∗h
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rh
+ V (r)
]
ψ(r) = Eψ(r), (1)
wherem∗e andm
∗
h are the effective electron and hole masses, respectively, r = re−rh is the relative position coordinate
between the electron and hole in the Xene monolayer, and the potential V (r) characterizes the electron-hole interation.
The electrostatic interaction between the electron and hole is the Coulomb potential, VC = −(ke
2)/(κr), where
k = 9 × 109 Nm2/C2, but in the case of a 2D layer in an inhomogeneous dielectric environment, the electron-hole
2interaction potential is modified by the dielectric screening of the Xene monolayer, as well as dielectric screening
from its environment, such as the substrate upon which it is placed or within which it is encapsulated. Today, most
calculations for 2D monolayers are performed by using the Rytova-Keldysh (RK) potential, which was first derived
in Ref. 32 and re-derived 12 years later, in Ref. 33:
VRK(r) = −
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)]
. (2)
In Eq. (2), κ = (ǫ1 + ǫ2)/2, where ǫ1 and ǫ2 correspond to the dielectric constant of the environment above and
below the Xene monolayer, respectively, ρ0 = lǫ/(ǫ1 + ǫ2) is the so-called dielectric screening length, where l is the
Xene monolayer thickness and ǫ is the bulk dielectric constant of the Xene, and H0 and Y0 are the Struve and Bessel
functions of the second kind, respectively. The asymptotic behavior of the RK potential is given by:
VRK(r) =
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−ke
2
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r ≫ ρ0
. (3)
where γ is Euler’s constant. At the same time this potential for the small screening length ρ0 reduces to the bare
Coulomb potential, while for very large screening lengths ρ0 the interaction potential becomes logarithmic. In our
calculations we consider the Xene monolayer as suspended in vacuum, supported on a dielectric substrate, and
encapsulated by a dielectric, using both the Coulomb and Rytova-Keldysh potentials, so as to comprehensively
account for the effect of dielectric screening on the system.
It was found that the band gap in Xene monolayers can be affected by an external electric field perpendicular to
the Xene layer. The theoretical approach describing the band gaps, 2∆ξσ, carrier masses, m
∗, and their dependence
on an external electric field E⊥ in an Xene monolayer are presented in Refs. 26–28,34,35. The electric field-dependent
band gap in the Xenes is given by:
∆ξσ = |ξσ∆gap − ed0E⊥|, (4)
where ξ = σ = ±1 are the valley and spin indices, respectively, ∆gap is the intrinsic band gap of the Xene, d0 is
the buckling parameter, which gives the vertical offset between the two triangular Xene sublattices, and E⊥ is the
external electric field. Note that ∆ξσ represents the energy gap between the Fermi energy and either the bottom of
the conduction band or the top of the valence band. Therefore, the full band gap between the valence and conduction
bands is given by 2∆ξσ. Furthermore, there are two conduction bands and two valence bands denoted by combinations
of ξ and σ which yield either a larger band gap, ξσ = −1, or a smaller band gap, ξσ = 1, and therefore a larger
or smaller effective carrier mass, respectively. Excitons formed in the larger band gap are referred to as A excitons,
while excitons from the smaller gap are B excitons. The conduction and valence bands denoted by ξσ = −1 will
always move apart from each other under an external electric field. The conduction and valence bands corresponding
to ξσ = 1 move towards each other as the electric field is increased from zero, form a Dirac cone for some particular
value of the electric field, which we call the zero-gap field, E0
⊥
, and as the electric field increases beyond E0
⊥
, the
bands will separate from each other. The values of the zero-gap electric fields are E0
⊥
= 2.06 mV/A˚, 24.41 mV/A˚,
59.41 mV/A˚ in FS Si, Ge, and Sn, respectively. At E0
⊥
, the charge carriers are described by the Weyl equation, and
because the band gap is zero at this value of electric field, no B excitons can form. However, in our calculations we
present results for the binding energies obtained for the RK potential, Eb, at values of E⊥ which are very close to E
0
⊥
.
The dispersion relation of the bands is given by
E(p) =
√
∆2ξσ + v
2
F |p|
2, (5)
where vF is the Fermi velocity of charge carriers. Assuming |p| is small compared to the total band gap ∆ξσ, one can
expand Eq. (5) in terms of |p|2, and obtain
E(p) ≈ ∆ξσ +
v2F |p|
2
2∆ξσ
. (6)
In Eq. (6), the second term can be interpreted as the kinetic energy of charge carriers with effective massm∗ = ∆ξσ/v
2
F .
Therefore, recalling Eq. (4), one obtains26–28,34,35:
3Material 2∆gap (meV) d0 (A˚) vF (×10
5 m/s) ǫ l [nm]
Silicene 1.936 0.4637 6.536 11.9 0.438
Germanene 3336 0.67637 6.236 16 0.45
Stanene 10136 0.8539 5.536 24 0.5
TABLE I: Parameters for buckled 2D materials: 2∆gap is the total gap between the conduction and valence bands at E⊥ = 0,
d0 is the buckling parameter, vF is the Fermi velocity, l is the monolayer thickness, and ǫ is the dielectric constant of the bulk
material.
m∗ =
|ξσ∆gap − ed0E⊥|
v2F
. (7)
In the case when the electron and hole are bound by the Coulomb potential, one can obtain an analytical expression
for the Wannier-Mott exciton binding energy as a function of external electric field:
ECb (E⊥) =
2k2e4
v2F ~
2κ2
× |ξσ∆gap − ed0E⊥|. (8)
Therefore, the ratio ECb /(2∆ξσ) is a constant, which is different for each material – specifically, E
C
b /(2∆ξσ) =
5.66, 6.23, 7.91 for freestanding Si, Ge, and Sn, respectively. However, if one imagines an Xene monolayer encapsulated
by hexagonal boron nitride (h-BN) with κ = ǫh−BN = 4.89, the value of the ratio of binding energy to band gap
becomes 0.237, 0.260, 0.330, respectively, while when the Xenes are placed on an SiO2 substrate in vacuum, the
corresponding ratios are 0.982, 1.08, and 1.37, respectively. These results demonstrate that the excitonic insulator
phase is very sensitive to the dielectric environment.
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FIG. 1: Dependence of the ratio of A exciton binding energy to bandgap, Eb/(2∆ξσ), on the external electric field, E⊥, in the
freestanding Xenes. The dashed line corresponds to Eb/(2∆ξσ) = 1.
Let us now consider the formation of the Wannier-Mott excitons via the RK potential. We calculated the binding
energies of excitons in the freestanding Xenes when E⊥ = 0 V/A˚. The values for the binding energies of excitons at
zero electric field are Eb = 10.1 meV, 105.9 meV, and 170.4 meV in Si, Ge, and Sn, respectively. Comparing these
values to the intrinsic band gaps in the three Xenes found in Table I and given by 2∆gap = 1.9 meV, 33 meV, and 101
meV, respectively, one observes that these binding energies are far larger than their respective band gaps, which could
be an indicator of the EI phase in these materials.
Fig. 1 shows the dependence of the ratio of the exciton binding energy, calculated using the RK potential for A
excitons, to the band gap, Eb/(2∆ξσ), on the external electric field, E⊥. First, we find that FS Si would behave as
an EI until the external electric field exceeds the critical value of about E⊥c = 0.55 V/A˚, where the critical electric
field E⊥c is defined as the electric field at which Eb/(2∆ξσ) = 1. The corresponding critical fields in FS Ge and FS
Sn are approximately E⊥c = 0.3 V/A˚ and E⊥c = 0.2 V/A˚, respectively.
Fig. 2 shows both the binding energy obtained by using the RK potential, Eb, and the band gap, 2∆ξσ, as a function
of external electric field. The points where the binding energy curve crosses over the band gap line, denoted by a
for A excitons and b for B excitons, correspond to the phase transitions between the EI and semiconducting phases.
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FIG. 2: The dependence of exciton binding energy, Eb, and band gap, 2∆ξσ , for A excitons (blue) and B excitons (red) on the
external electric field, E⊥, in freestanding silicene, germanene, and stanene. The black dots show the point at which the band
gap and corresponding binding energy are equal to each other for the two types of excitons. A phase transition is expected to
occur at the value of the electric field corresponding to the points labeled a for A excitons and b for B excitons. Calculations
performed for the RK potential.
Since the band gap corresponding to A excitons is by definition larger than the gap corresponding to B excitons, the
phase transition for A excitons always occurs at a lower value of E⊥ than the phase transition for B excitons. The
tunability of the EI phase is illustrated well here. Since the dependence of the band gap on the electric field is linear,
while the dependence of Eb on the band gap is monotonically increasing but non-linear (upon inspection, of order less
than 1), the difference between the exciton binding energy and the band gap varies drastically and in a non-linear way,
allowing for a great deal of freedom and creativity if one would need to tune the EI band gap to a particular value.
Our calculations also show the coexistence of the semiconductor and excitonic insulator phases. Especially in Sn, but
also in Ge, we are able to see that there is a range of electric field for which the A excitons are in the semiconducting
phase, while the B excitons are in the EI phase. Thus, in this range of electric field, the semiconducting phase of A
excitons coexists with the EI phase of B excitons. The experimental observation of these two phases coexisting in a
single monolayer could have profound implications on the future of nanodevice design and utilization.
In the case of the Coulomb potential, the excitonic insulator phase is formed in freestanding Xenes for any electric
field, provided one chooses κ = 1, corresponding to the freestanding Xene monolayers in vacuum. The Coulomb
binding energy scales inversely with the square of the environmental dielectric constant κ, so that on certain substrates
the excitonic insulator phase is not formed and excitons can be created by laser pumping as optical excitations above
the semiconducting ground state, for any eletric field.
To understand the importance of dielectric screening on the formation of the EI phase, we perform calculations
of the exciton binding energy for Xenes placed in three different dielectric environments: supported on an SiO2
(ǫSiO2 = 3.8)
40 substrate, supported on an h-BN (ǫh−BN = 4.89)
41 substrate, and encapsulated by h-BN, and compare
these results to the freestanding binding energy as well as the electric field-dependent band gap, which is independent
of the dielectric environment. It should be mentioned that the parameters presented in Table I are obtained for
freestanding monolayer Xenes. In Refs. 42 and 43 the authors studied silicene on an h-BN substrate using ab initio
calculations and arrived at completely different results related to the changes of the material parameters of a silicene
monolayer due to interaction with the substrate. In Ref. 44, using the parameters for silicene on an h-BN substrate
we calculated the binding energies for silicene encapsulated by h-BN. Analysis of these results led to the conclusion
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FIG. 3: Binding energy of B excitons in Ge on various substrates, along with the electric field dependent band gap, as a
function of external electric field. Calculations performed for the RK potential. The band gap in germanene, which does not
depend on the dielectric environment, is shown by the black dashed line.
that the EI phase is not possible in silicene encapsulated by h-BN, as evidenced by our calculation which found that
the ratio Eb/(2∆ξσ) < 1 for all values of E⊥. On the other hand, the parameters for germanene and stanene on an
h-BN substrate or encapsulated by h-BN are not available. Therefore, we present the aforementioned calculations of
the Xenes on different substrates with the acknowledgement that the material parameters of Ge and Sn may change
drastically when placed on a substrate.
Fig. 3 shows the result of these calculations for B excitons in germanene for various dielectric environments. It
can be easily seen that the dielectric environment has a significant effect on the exciton binding energy, such that the
calculations show that the EI phase is not possible in germanene when placed on any substrate. The ratio of binding
energy to band gap, Eb/ (2∆ξσ) is largest for the freestanding Xenes and gets progressively smaller as the dielectric
screening from the environment increases, where the ratio is smaller for an Xene supported on h-BN than on SiO2,
and is the smallest for h-BN encapsulation. It is worth mentioning that the corresponding calculations for stanene
show that B excitons in stanene supported by SiO2 may still exhibit EI behavior at electric fields which are very close
to E0
⊥
. It is important to note that the exciton binding energy and band gaps are very small in this regime, and thus
the EI phase, while technically possible in this scenario, may not be practical.
For the RK potential the ratio of binding energy to band gap depends on the electric field, and due to the transfor-
mation of the ground state the excitonic insulator is formed only at certain electric fields for freestanding Xenes, while
for larger electric fields the excitons are created by laser pumping as optical excitations. In general, the excitonic
insulator phase is formed due to strong electron-hole interactions and weak dielectric screening. The screening ef-
fects strongly suppress the electron-hole attraction and, therefore, prevent the spontaneous formation of the excitonic
insulator state. In the Coulomb potential only the dielectric screening by the environment is considered while the
RK potential more accurately accounts for both the dielectric constant of the environment as well as the dielectric
screening provided by the 2D Xene monolayer.
Our calculations demonstrate that for the Coulomb potential in freestanding Xenes the ratio of the exciton binding
energy to the gap does not depend on electric field and is always greater than one. This is because the Coulomb
binding energy depends linearly on the exciton reduced mass, which in turn depends linearly on the electric field, just
as the band gap does. Therefore, for the Coulomb potential the excitonic insulator phase is formed in freestanding
Xenes for any electric field. However, for the Coulomb potential in encapsulated Xenes embedded in certain dielectrics
this ratio is less than one and does not depend on electric field. Therefore, for the Coulomb potential in encapsulated
Xenes embedded in the certain dielectrics the excitonic insulator is not formed and excitons can be created by laser
pumping as optical excitations above the ground state an any electric field.
For the RK potential the ratio of exciton binding energy to the band gap depends on electric field, since the exciton
binding energy calculated using the RK potential increases monotonically, but non-linearly, as the electric field (and
therefore, the exciton reduced mass) is increased, and therefore the excitonic insulator phase is only observed at small
electric fields for freestanding Xenes, while for larger electric fields, when the Xene monolayer is in the semiconducting
phase, excitons are created by laser pumping as optical excitation. In general, the excitonic insulator phase is formed
due to strong electron-hole interactions. Enhanced dielectric screening suppresses the electron-hole interaction and,
therefore, prevents the formation of the excitonic insulator phase. The screening effects are taken into account either
by the dielectric constant in Coulomb potential for the encapsulated Xenes or by employing the RK potential for both
freestanding and encapsulated Xenes.
6At larger electric fields the ground state of freestanding Xenes will be a semiconductor, which conducts an electric
current at finite temperatures. Without optical excitation by laser pumping, excitons are absent in Xenes with semi-
conducting ground state. When the electric field is reduced, there is a phase transition associated with transformation
of the ground state resulting in the formation of an excitonic insulator. In the excitonic insulator phase the excitons
are formed spontaneously (not due to optical excitation by laser pumping). The excitonic insulator phase is formed
due to spontaneously broken symmetry. Since the excitonic insulator is formed by electrically neutral bound particles
(excitons), the excitonic insulator does not conduct an electric current. The phase transition from the semiconductor
to the excitonic insulator phase can be observed by a drop in electric current.
We predict that a phase transition in freestanding Xene monolayers from the semiconducting phase to the insulating
phase can be induced by reducing an external electric field below some critical value which is unique to each material.
Furthermore, our calculations show that the excitonic insulator phase in freestanding Xenes is the ground state when
the external electric field is zero, and that the semiconducting phase is accessed by increasing the external electric
field beyond the critical value. We also find that the existence of the excitonic insulator phase is extremely sensitive
to the dielectric environment, such that the excitonic insulator phase is destroyed by dielectric screening due to, for
example, encapsulation of the Xene monolayer by h-BN.
Based on the predicted phase transition at the material-specific critical electric field E⊥c, we propose that an electric
current switch could be designed using any of these materials, where electric current is turned off for E⊥ < E⊥c
(excitonic insulator phase) and turned on for E⊥ > E⊥c (semiconductor phase). At large electric fields, freestanding
Xenes behave as conductors in the semiconducting ground state when the switch is on, while for small electric fields
Xenes behave as insulators in the excitonic insulator ground state, when the switch is off.
Let us remark that the unique tunability of the band gap in buckled 2D crystals via an electric field allows us
to explore the possibility of the EI phase in these materials. Based on our current understanding, this phenomenon
would not be conceivable in other 2D materials such as, for example, the transition metal dichalcogenides (TMDCs)
or phosphorene. Both the TMDCs45 and phosphorene46,47 exhibit large exciton binding energies due to their reduced
dimensionality, though a recent theoretical paper48 showed that exciton binding energies in TMDCs are smaller than
previously predicted. The main reason why TMDCs and phosphorene cannot be excitonic insulators is due to their
very large band gaps – in excess of 2 eV, while the exciton binding energy is a small fraction of the band gap. However,
if one could find a mechanism which either reduces the band gap or increases the exciton binding energy such that
Ebind − Egap > 0 is satisfied, then one could expect to observe the EI phase in these materials.
Our calculations show that a phase transition from the semiconductor phase to the excitonic insulator phase should
occur in the freestanding Xenes as the electric field is reduced below some critical value, E⊥c. In addition, we find
that the freestanding Xenes should remain in the excitonic insulator phase even in the absence of an external electric
field. Interestingly, our calculations show that the critical electric field E⊥c is different for A and B excitons, leading
to a range of electric field for which the A exciton in the semiconducting phase coexists with the B exciton in the
excitonic insulator phase. Further calculations which consider the Xenes on various substrates shows that the EI
phase is extremely sensitive to the dielectric environment – with the possible exception of B excitons in stanene on
an SiO2 substrate, we find that the presence of any substrate is enough to decrease the exciton binding energy such
that it is always smaller than the band gap, precluding the existence of the EI phase in these scenarios.
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